ABSTRACRT: The potential of forward osmosis for water treatment can only be maximized 10 with suitable draw solutes. Here a three-dimensional, multi-charge draw solute of decasodium 11 phytate (Na 10 -phytate) is designed and synthesized for removing organic arsenicals from water 12 using a hybrid forward osmosis (FO) -membrane distillation (MD) process. Efficient water 13 recovery is achieved using Na 10 -phytate as a draw solute with a water flux of 20.0 LMH and 14 negligible reverse solute diffusion when 1000 ppm organic arsenicals as the feed and operated 15 under ambient conditions with FO mode. At 50 ˚C, the novel draw solute increases water flux by 16 more than 30 % with water fluxes higher than 26.0 LMH on the FO side, drastically enhancing 17
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2 water recovery efficiency. By combining the FO and MD processes into a single hybrid process, 18 a 100% recovery of Na 10 -phytate draw solute was achieved. Crucially, organic arsenicals or 19 Na 10 -phytate draw solutes are both rejected 100% and not detected in the permeate of the hybrid 20 process. The complete rejection of both organic arsenicals and draw solutes using hybrid 21 membrane processes is unprecedented; creating a new application for membrane separations. underground water sources or from anthropogenic activities such as mining, farming, and wood 28 preservation. 1-3 Arsenic can exist as toxic (inorganic or organic) and nontoxic (organic content in 29 seafood) forms. 1,3 The toxicity of arsenic depends on valence state, solubility, physical state and 30 3 purity, rates of absorption and elimination. In general, the toxicity of arsenicals is as follows: 31
Inorganic trivalent > organic trivalent > inorganic pentavalent > organic pentavalent > elemental 32 arsenic. 4-6 The toxicity of various arsenic forms guides the design of current arsenic removal 33 technologies. Traditionally, inorganic arsenic compounds were perceived to be more toxic and 34 potent than organic arsenicals. 4,7 Hence, conventional technologies such as adsorption, ion 35 exchange, coagulation, and membrane separations (nanofiltration, reverse osmosis, and 36 electrodialysis) were investigated for removing inorganic arsenicals. 6-8 37
Despite the extensive applications of these technologies for arsenical removal, the following 38 problems are widely present. Large volumes of arsenic-rich sludge and waste can be generated 39 using adsorption and coagulation, 2,9-11 while membrane separation technologies consume large 40 amounts of energy. 6,12-14 The removal of organic arsenic has become increasingly important as 41 methyl derivatives of arsenic that are omnipresent in agriculture (monomethylarsenic -MMA, 42 dimethylarsenic -DMA) present a carcinogenic risk. 4 Moreover, inorganic arsenic compounds 43 can convert into methylated arsenicals under appropriate conditions. 7 Clearly, there is a need to 44 develop a green and cost-effective bespoke technology for removing organic arsenicals. 45
Here we propose to use a hybrid forward osmosis (FO) -membrane distillation (MD) process 46 to remove organic arsenics ( Figure 1 ). FO-MD is an economical and sustainable technology to 47 treat wastewater, 15 concentrate protein solutions, 16 and desalination. 17 This technology separates 48 water from dissolved solutes (contaminants or proteins) using the operating principle 49 underpinning FO processes while recovering the draw solute using MD. An osmotic pressure 50 difference is first generated by a concentration gradient using a "draw" solution with higher 51 concentration of dissolved solutes in relation to the feed solution. Water from the feed solution 52 permeates across the membrane, while the contaminants are retained in the FO feed. The FO 53 4 permeate now contains a dilute mixture of water and draw solute that requires MD to recover the 54 draw solute while producing high purity water. Clearly, the crux of this hybrid process is the 55 draw solutes. 18 Suitable draw solutes can enhance FO performance, i.e. achieving high water 56 recovery whilst avoiding secondary contamination at lower costs, and recovered. Conventional 57 draw solutes such as NaCl, 19 MgCl 2 20 and glucose saccharide 20 have been deployed for removing 58 inorganic arsenics, but to minimal effect. This is attributed to either low water permeation flux, 59 or/and severe reverse solute diffusion. 60 61 62 Figure 1. Using Na 10 -phytate draw solute to treat water that contains MMA and DMA via a FO process.
63
Subsequently, the draw solute is dehydrated and regenerated using an in-line MD process.
64
Excellent draw solutes that optimize FO processes are typically pH-neutral, easily ionized 65 compounds that generate large osmotic pressures. 21, 22 These compounds produce a neutral 66 solution that does not degrade the membrane during FO, whilst providing a large driving force 67 for water transport. Draw solutes with a suitable spatial configuration and high ionization degree 68 5 are critical for producing a high water recovery and minimizing reverse solute diffusion across 69 the membrane in FO. 22 Guided by these requirements, we design and synthesize a novel phytate 70 (Na 10 -phytate) and demonstrate the advantages of this new compound as a draw solute to remove 71 organic arsenicals from water. First, water fluxes of up to 20 LMH (FO mode) are achieved at 72 room temperature when Na 10 -phytate is deployed in single FO processes. Second, we observed 73 negligible reverse solute diffusion during MMA or DMA removal even at 50 ˚C. Finally, we 74
show that MMA or DMA can be completely removed from water while the Na 10 -phytate draw 75 solutes are fully recovered and regenerated. 76
■ MATERIALS AND METHODS 77
Syntheses of Na 10 -Phytate. Na 10 -phytate was synthesized through the neutralization reaction 78 between phytic acid and NaOH. The experimental details were given in the supporting 79 information (SI). 80 neutralized with a known volume and molar concentration of sodium hydroxide (NaOH) to 105 produce a three-dimensional, multi-charge decasodium phytate (Na 10 -phytate) neutral draw 106 solute. The leftover NaOH solution was titrated with hydrochloric acid (HCl); revealing a 1:10 107 ratio of phytic acid to sodium hydroxide i.e. there are 10 Na + ions in the phytate. 108
Determination of the Sodium ion Numbers in
Thermogravimetric analysis (TGA) was used to confirm the elemental composition of the 109 phytate developed here in this work. Thermal decomposition of Na 10 -phytate occurred in two 110 stages. The first stage corresponds to a release of water molecules between 122 -155 ˚C; 111 accounting for a weight loss of 9.5 wt. % (Table S1) Important material characteristics that govern applications as FO draw solutes include osmotic 122 pressure and relative viscosity. We observe that both osmotic pressure and relative viscosity of 123 Na 10 -phytate increase non-linearly with higher concentrations (Fig. 2b, Fig. S1 ). This can be 124 ascribed to the relatively large configuration and chemical composition of Na 10 -phytate. The 125 8 hydrophilic functional groups of Na 10 -phytate can ionize into multi-charge anions and multiple 126 cations in aqueous solutions. Predicted by the Van't Hoff equation, 26 the dissociation of Na 10 -127 phytate into multiple ionic species increases the number of solute particles in the aqueous 128 solution; generating an osmotic pressure (66 atm) which is 65 % larger than that of NaCl at 1.0 129 M, the conventional draw solute in FO (Figure 2b) . At low concentrations, salts dissociate 130 completely into multiple ionic species; generating large increments in osmotic pressures. 27 This 131 is impeded at higher concentrations. However, the osmotic pressure generated by 1.0 M of Na 10 -132 phytate is significantly higher than those of synthetic draw solutes such as magnetic 133 nanoparticles, 28 polyelectrolytes, 29 hydrogels 30 and many others 22,31 (Figure 2c ). Meanwhile the 134 relative viscosity (η r ) of Na 10 -phytate is at least 60 % lower than polyelectrolytes 29 (Figure 2d water flux is ascribed to membrane structural configuration where the thin TFC selective layer 147 supported on a porous PES substrate has lower water transfer resistance relative to the dense and 148 9 thick HTI membrane. 24 Meanwhile the spatial structure and chemical composition of Na 10 -149 phytate contribute to a negligible reverse solute diffusion. In Na 10 -phytate, the evenly-distributed 150 phosphates around an aromatic carbon ring develop a three-dimensional structure that form 151 hydrogen-bond with water molecules in the aqueous solution ( Figure S2a ). This supramolecular 152 structure inhibits reverse diffusion; minimizing leakage rates. The size distribution of the 153 supramolecular network falls in a range much larger than that of an FO membrane pore size 154 which accounts for the negligible leakage of Na 10 -phytate ( Figure S2b 
180
Different MMA concentrations did not impact on both water flux and rejection rates (Figure 4b) . 181
However, higher DMA content in the feed solution reduced the rejection rate of organic 182 arsenicals to less than 96 %. Neutral DMA solution consists 14 % neutral species, and 86 % 183 monovalent anions. 9 Higher DMA content will increase the number of neutral DMA; hence 184 reducing the rejection rate. The ratio of neutral species to anions in MMA/DMA solutions is also 185 sensitive to pH values (Figure 4c ). As pH of a MMA feed solution changes from acidity (3) to 186 alkalinity (11), the neutral species are converted into various anions; 9 hence reducing water flux 187 due to a lower driving force attributed to enhanced osmotic feed pressures but increasing MMA 188 rejection rates. Since DMA solution consists more neutral DMA species than MMA solution, the 189 increase in pH from 3 to 11 will only slightly reduce water flux. Higher temperatures will also 190 enhance the osmotic pressure differentials that consequently increase water flux (Figure 4d where draw solution concentration significantly impacts on water flux, temperature dominates 198 water transport in MD. 33 This is also observed here when aqueous solutions containing Na 10 -199 phytate at different concentrations were deployed in a single MD process using home-made 200 13 polyvinylidene fluoride (PVDF) hollow fiber membranes. 25 The increase in water flux due to 201 increasing temperatures can be attributed to the exponential generation of higher water vapor 202 pressures. The impacts of both Na 10 -phytate concentration and operation time on water flux were 203 negligible ( Figure S3 ). 204
By combining the FO and MD processes into a single hybrid process, we report complete 205 recovery of Na 10 -phytate draw solute whilst producing 100 % water ( Figure 5 ). The water flux of 206 this hybrid process at 50 ˚C is higher than 26.0 LMH on the FO side; sufficient to handle large 207 quantities of wastewater that are typically associated with industrial-scale operations. [34] [35] [36] hollow fiber membranes with macrovoid-free and highly porous structure for sustainable water 314 production. Environ. Sci. Technol. 2012, 46, 7358 − 7365. 315 
